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Abstract 
A dielectric material’s response to light is macroscopically described by electric displacement fields due 
to polarization and susceptibility, but the atomistic origin is light-cycle-driven motion of electron densities 
in the restoring forces of the atomic environment. Here we report how the macroscopic nonlinear-optical 
response of a heteronuclear crystal relates to the alignment and orientation of its chemical bonds. 
Substantial nonlinear emission is only observed if the electric field of an optical single-cycle pulse points 
from the less electronegative to the more electronegative element and not vice versa. This asymmetry is a 
consequence of the unbalanced real-space motion of valence charges along the direction of the bonds. 
These results connect a material’s chemical structure to the optical response and may facilitate the 
comprehension and design of novel materials for applications in optics and lasers on basis of the atoms 
and how they connect. 
 
Main text 
When a light wave interacts with a transparent material, the electric field of the optical cycles produce a 
time-dependent polarization and electric displacement fields via the material’s linear or nonlinear response 
to the optical cycles (1, 2). The light field that is emitted is therefore often complicated and gives rise to a 
wealth of optical phenomena with fundamental and technical relevance, for example the refractive index, 
birefringence, dispersion, optical parametric amplification, frequency-doubling, self-phase modulation, 
multi-photon absorption, higher-harmonic generation and many more. Textbooks treat perturbative linear 
and nonlinear optics via a time-dependent polarization density 𝑃(𝑡) = 𝜖0[𝜒
(1)𝐸(𝑡) + 𝜒(2)𝐸2(𝑡) +
𝜒(3)𝐸3(𝑡) + ⋯ ], where 𝜒(𝑛) is the n-th order susceptibility tensor and 𝐸(𝑡) is the applied electric field. In 
the non-perturbative and strong-field regimes, P(t) depends on the cycle-level history of E(t) in time, for 
example via field-induced intraband currents (3, 4), dynamical metallization (5), core excitons (6), sub-
cycle energy transfer (7), dynamical electron localization to d-orbitals (8), or seed-induced changes of the 
band structure (9). Although many such nonlinear-optical and strong-field phenomena in atoms, 
molecules, solids and nanostructures are currently rather well understood on basis of fields and 
polarizations, we lack a comprehensive understanding of the atomistic origin of the macroscopic 
quantities P(t) and 𝜒(𝑛) and how the structure of a material causes the effective nonlinear-optical 
phenomena that we observe. Early attempts to link 𝜒 and P to a material’s atomic structure include the 
Clausius-Mossotti relation and the Lorentz–Lorenz equation which predict the dielectric constant and 
refractive index but not any nonlinear effects. Modern experiments in which amorphous or crystalline 
materials are excited by intense, short laser pulses (3, 10–20) usually invoke dynamical quantum-
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calculations on a band structure (21) for explaining the results, and a real-space, atomistic explanation is 
often not attempted, although it could provide a connection between the crystal structure and the nonlinear 
optical response (16, 22, 23).  
Here we excite a single-crystal of ɛ-GaSe and its heterogeneous chemical bonds with near-single-cycle 
pulses of mid-infrared light and relate the nonlinear optical response to the direction and polarity of the 
bonds. The excitation consists of only one relevant optical cycle (1.6 field cycles in the pulse width) and 
therefore approximately explores the optical impulse response in time. We find a pronounced asymmetry 
of the nonlinearity if the excitation’s electric field points from a Ga atom to a Se atom as compared to the 
other direction. The two simplest possible models, a point charge in an effective asymmetric crystal 
potential and a one-dimensional quantum simulation with two different atomic potential wells deliver both 
a good agreement, showing that the strengths and orientations of the chemical bonds control and 
determine the optical response, in particular the timing structure and absolute direction of the nonlinear 
polarization.  
The experiment is depicted in Fig. 1D. A near-single-cycle optical pulse (1.6 cycle FWHM, see Fig. 1E) 
with a central frequency of 43 THz (7 μm wavelength) is obtained via optical parametric amplification 
(24) and focused into a 21-µm thick single-crystal of gallium selenide (ε-GaSe). The optical spectrum 
does not excite any infrared active phonon modes (25, 26) and the photon energy of ~0.18 eV is far below 
the band gap of 2.0 eV (27). The peak field strength inside the crystal is 1.4 V/nm and the electric field is 
parallel to the Ga-Se bonds in the a-b plane (Fig. 1C) (23, 26). The output spectrum after the nonlinear 
interaction is collected with a silver-coated spherical mirror (2-inch focal length) and guided via an InF3 
Fig. 1. Concept and experiment. (A), (B) An asymmetric chemical bond (solid line) in a crystal is excited 
by a single-cycle laser pulse (red). Depending on the direction of the most intense electric field cycle 
(Epeak), electron density (blue) is coherently driven along or opposite to the polarity of the bond (atoms A 
and B). The field-driven electrons emit new light with a waveform determined by the atoms' 
electronegativity. (C) Crystal structure of one monolayer of -GaSe crystal in the a-b plane. (D) 
Experiment. Near-single-cycle mid-infrared laser pulse (red) is focused into a -GaSe crystal (blue) and the 
output spectrum is analysed as a function of crystal angle and peak field direction. (E) Electric field of the 
driving pulse in the experiment. 
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multimode fiber (Le Verre Fluoré) into threse types of spectrometers, namely a Fourier transform 
spectrometer (L-FTS, LASNIX) for the mid-infrared range, a grating-based spectrometer with a InGaAs 
detector for the near-infrared range (Rock NIR RSM-445, Ibsen Photonics) and a spectrograph with a 
silicon detector for visible light (USB-2000+, ocean optics). These spectrometers have calibrated 
sensitivities and overlapping spectral ranges that allow to determine a concatenated result (14).  
Figure 2A shows the observed output spectra from the GaSe crystal as a function of the excitation pulse’s 
carrier-envelope phase (CEP, φCE). We see a broadband nonlinear light emission that ranges from the 
fundamental frequency (43 THz, λ=7.0 μm) to a more than 17-fold higher frequency of more than 750 
THz (λ= 0.4 μm); the optical fiber absorbs the light beyond that range. Depending on the CEP, the 
spectrum consists of a pronounced sequence of harmonic orders (φCE =  = 180°) or alternatively covers 
smoothly the whole range without interferences (3, 18, 20) . A common peak around 480 THz is 
incoherent photoluminescence (PL) at the band gap of ~2 eV from residual nonlinear absorption. In Figs. 
2B and 2C, we show the spectral details at two special CEP values, φCE = 0 and φCE = π = 180°, the white 
lines in Fig. 2A. At these values, the temporal excitation waveforms are identical and have a single optical 
cycle that is most intense, but the absolute direction of the electric field is flipped. We call φCE = 0 a cosine 
excitation and φCE = π a minus-cosine excitation. At φCE = 0, the spectrum is smooth, while at φCE = π the 
spectrum shows a set of distinct harmonic peaks at a visibility of more than 100. There are even-order and 
odd-order harmonics with a spacing given by one photon energy of the driving frequency (43 THz, 
0.18 eV).   
In order to understand the physics behind our observations, we recall the crystal structure of -GaSe as 
shown in Figs. 1C and S2. The crystal is composed of quasi-2D monolayers that are bonded to each other 
with van der Waals forces. Our driving electric field oscillates in the a-b plane (see Fig. 1C) and inter-
layer electron dynamics along the c-axis can therefore be neglected (23).  An electric pump field vector in 
the a-b-plane will predominantly project only onto one of the three available Ga-Se bonds (see Figs. 1C 
and S2) while the other two bonds at 60-degree bond angles in the a-b plane will see an effectively much 
weaker projection of the electric field (26). The absolute orientation of all Ga-Se bonds is hence unique in 
-GaSe throughout all of the unit cell and there are no opposite Se-Ga bonds excited. We therefore 
concentrate our analysis on the real-space dynamics of a single chemical bond.  
We first consider the simplest possible model and assume that the dynamics of valence electrons is 
represented by a classical point charge that moves one-dimensionally along the bond direction in the 
restoring forces of an asymmetric atomic potential; see Fig. 2D. We describe the model potential 𝑈(𝑥) by 
a series of polynomials, 𝑈(𝑥) = ∑ 𝑐𝑛𝑥
𝑛∞
𝑛=2 , where 𝑐2 gives the linear-optical response and 𝑐𝑛 (𝑛 > 2) 
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describe the nonlinearity in the motion of the charge; the odd-order terms determine the asymmetry of the 
potential. We determine 𝑐2 from the direct band gap (26) and 𝑐3 – 𝑐6 from the harmonic intensities in Fig. 
2C; higher orders are neglected (26). The measured electric field of the driving field (see Fig. 1E) is used 
to compute the real-space motion of the charge and Fourier transformation of the acceleration gives the 
output spectrum (26).  
Fig. 2. Experimental results and real-space explanation. (A) Observed output spectra as a function of 
the carrier envelope phase (CEP) and polarity of the driving field. (B) Experimental output spectrum with 
cosine excitation (peak field from Ga to Se). (C) Experimental output spectrum with minus-cosine 
excitation (peak field from Se to Ga). (D) Concept of classical 1D anharmonic oscillator model. The 
electron (blue) in an asymmetric potential is driven by a laser field (red). (E) Time-dependent nonlinear 
polarization (black) produced by the laser waveforms (red) as predicted by the classical model. (F) 
Simulated output spectra from the classical simulation for cosine excitation (solid blue curve) and minus-
cosine excitation (dashed blue line). (G) Model potential for the non-perturbative 1D quantum simulation 
(black) and electron density of the occupied valence bands (blue). (H) Nonlinear polarization from the 
quantum simulation. Fast oscillations at large times are due to residual nonlinear absorption. (I) Simulated 
output spectra from the quantum-mechanical model for the cosine driving pulse (solid blue curve) and 
minus-cosine pulse (dashed blue line). The dip positions (arrows) are not exactly between the harmonic 
orders because the energy of maximum destructive interference is shifted by the unequal intensities of 
neighbouring harmonics.   
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Figure 2F shows the results for φCE = 0 and φCE = π. Both simulated spectra of this one-dimensional, 
classical model reproduce nearly all the observed features in the experiment and in particular the 
appearance and disappearance of the modulation into harmonic orders when changing from a cosine to a 
minus-cosine excitation field. In order to elucidate the underlying physics, we plot in Fig. 2E the nonlinear 
polarization in the time domain. For a cosine-shaped excitation waveform with peak towards the steeper 
potential gradient (left panel in Fig. 2D), the nonlinear polarization is predominantly induced only once, at 
the driving laser’s highest field peak. Such an isolated burst of nonlinear polarization corresponds in the 
spectrum to a broadband, featureless emission like observed in the experiment of Fig. 2B. In contrast, a 
minus-cosine driving pulse (right panel in Fig. 2D) with peak field towards the shallower side of the 
potential produces substantially weaker nonlinear polarization at the peak time but instead two emission 
bursts at the times of the two second-most intense field cycles in opposite direction. Spectral interference 
between these two nonlinear polarization bursts, separated in time by one optical period, explains the 
measured periodic interferences in the frequency domain (see Fig. 2C).  
In an equally simple, but quantum-mechanical model, we consider real-space electron dynamics in a one-
dimensional crystal whose unit cell is composed of two different atoms A and B (see Figs. 1A and 1B). 
This model approximates a line cut through the -GaSe crystal along one of the bonds. Atom A has lower 
electron affinity and corresponds to Ga while atom B has a larger electron affinity and corresponds to Se. 
We choose a unit cell size of a = 12.2 au = 6.5 Å and atom positions at 𝑥A  = a/3 and 𝑥B = 2a/3, compare 
with Fig. 1C. The black line in Fig. 2G shows the real-space potential for this asymmetric system; the 
depths of the two atomic potentials are chosen to reproduce the direct band gap of -GaSe of 2.0 eV (27). 
The corresponding band structure is shown in Fig. S6. Before the interaction with the laser, we populate 
the three lowest bands (VB1 to VB3) with 6 electrons per unit cell, in order to resemble the electronic 
structure of three-dimensional -GaSe (28) where the valence electrons are mostly localized around the 
nuclei and the electrons of VB1 are mostly on Se (29). The corresponding ground-state electron densities 
are depicted in Fig. 2G in blue. The temporal evolution of the electronic system in the near-single-cycle 
laser waveform is obtained by solving the time-dependent Schrödinger equation (26, 30).  
Figure 2I shows results for φCE = 0 and π. The spectrum for the cosine driving pulse with peak field 
towards atom B (Se) is smooth (solid line) while the spectrum for the minus-cosine pulse with peak field 
towards atom A (Ga) has harmonic orders with dips in between (dashed line). The time-dependent 
nonlinear polarizations (see Fig. 2H) again show one or two main bursts, similar to the classical model 
(compare Fig 2E). Generally, the optical response of condensed matter to long-wavelength radiation is 
predominantly determined by electrons in the highest occupied valence band, here VB1. As shown in Fig. 
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2G, the electrons in VB1 are almost entirely localized around atom B, where the potential is asymmetric 
and less steep towards the direction of the neighbouring atom A. In contrast to the classical model, where 
the sign of the asymmetry has not been linked to the atoms, the quantum-mechanical model provides this 
connection and thereby an atomistic explanation of the observed asymmetry results. We conclude that the 
direction, orientation and different electron affinity of the atoms that form a material’s chemical bonds are 
responsible for the sign, magnitude and shape of the nonlinear-optical response to single-cycle excitation. 
The atomistic origin of this relation is the quantum-mechanical motion of the bonding electrons in the 
potential made up for them by the type and distance of the atoms. The time-dependent nonlinear motion of 
valence electrons is more nonlinear when they are driven towards the shallower side of the potential, 
towards the neighbouring atom, and weaker towards the steeper side, away from the neighbouring atom.  
In order to further verify our conclusions, we report three more experimental investigations. First, we 
measure spectra at fixed CEP values but for different peak intensities of the driving field. If the field-
driven electronic motion along the chemical bonds is dictated by the potential and waveform, the 
nonlinear output and in particular the absence or appearance of photon-order interferences should not 
depend on the absolute electric field strength (see also Fig. S5). Figures 3A and 3B show the measured 
output spectra as a function of excitation intensity for φCE = 0 and φCE = π, respectively. For weaker pump 
Fig. 3. Dependence on excitation intensity. (A) Output spectrum for cosine excitation as a function of 
electric peak field strength. (B) Field-strength-dependent output spectrum for minus-cosine excitation. The 
spectral shape remains the same although the spectral intensities change by more than three orders of 
magnitude. 
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pulses, the harmonic intensities are reduced by up to three-orders of magnitudes, but the general spectral 
shape with or without harmonic orders remains the same. Second, we report nonlinear emission spectra as 
a function of crystal-angle with respect to laser polarization (θ in Fig. 4A). In the experiment, the crystal is 
rotated around the c-axis. -GaSe has a three-fold symmetry around the c axis (space group D3
h). It repeats 
itself every 120°, but opposite Ga-Se bonds occur every 60° (see Fig. 4A). We first report angle-
dependent results for an excitation waveform that is chirped to a duration of 3.8 optical cycles, in order to 
elucidate the crystal’s response to multi-cycle waveforms (23, 31). Figure 4D shows that the harmonic-
order interference appears every 60°, although a rotation of 120° is required to reproduce the original 
atomic structure. A 3.8-cycle excitation field has too many optical cycles with nearly equal field strength 
in both directions and therefore averages out the underlying asymmetric response and directivity of the 
heteronuclear bonds. In other words, Ga-Se and Se-Ga produce the same result. In contrast, Figs. 4B and 
4C show the output spectrum as a function of angle for the case of single-cycle excitation fields, again for 
φCE = 0 and π. We observe two distinct results. First, the 60° periodicity observed with the longer pulses 
disappears, and instead a 120° periodicity shows up, corresponding to the angle between the three Ga-Se 
bonds when taking into account the bond direction. Second, when comparing the cosine and minus-cosine 
results of Figs. 4B and 4C, we see that the whole pattern shifts by 60°. This value reflects the difference of 
180° between a cosine and a minus-cosine pulse minus the 120° of the Ga-Se bonds. As a third 
investigation, we repeated all the above measurements with a 55-µm thick -GaSe crystal, twice thicker 
than the crystal used above. We obtained qualitatively identical results (26), demonstrating that all 
Fig. 4. Scan of crystal angle and absolute bond orientation. (A) Definition of the crystal angle 𝜃 
between the peak electric field vector direction and the Ga-Se bond direction. (B) Output spectrum as a 
function of 𝜃 for cosine excitation.  (C) Output spectrum for minus-cosine pulse. The periodicity of 120° 
and the shift to each other by 60° reveal the polar chemical bonds. (D) Angle scan with longer pulses (3.8 
cycles). A periodicity of 60° shows the averaging of the fundamental asymmetric response by the multiple 
optical cycles. 
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observed phenomena indeed originate from atomic-scale electron dynamics and not from any macroscopic 
optical pulse propagation or dispersion effects (32). 
In combination with the results of Fig. 2, these observations establish an atomistic picture of nonlinear 
optics on basis of the chemical bonds. The temporal shape of the nonlinear optical polarization on the 
level of a single optical excitation cycle is dictated by field-driven valence electronic dynamics on atomic 
dimensions and for heteronuclear materials by the orientation, angles and polarity of the chemical bonds. 
The absolute direction of the electric field from Ga to Se is relevant for either the production of a 
broadband, featureless spectrum that is related to the emission of an isolated optical output pulse (33) or a 
spectrum in form of even and odd harmonics that is related to multiple light emissions via spectral 
interference (16, 23). A material's chemical structure and in particular the polarity and absolute orientation 
of the bonds with respect to the incoming light cycles determines the macroscopic outcome of the 
nonlinear interaction.  
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